Introduction
============

The diagnosis of inflammatory processes is an important goal in medicine, especially for deep and insidious infection. It has been well proved that using radiopharmaceuticals to detect inflammation has apparent advantages than other methods \[[@b1], [@b2]\]. The radiopharmaceuticals routinely used for inflammation scintigraphic detection include ^67^Ga-citrate \[[@b3], [@b4]\], ^99m^Tc or ^111^In-labelled leucocytes \[[@b5]\], ^99m^Tc-nanocolloid \[[@b6]\] and ^99m^Tc or ^111^In-labelled human polyclonal immunoglobulin \[[@b7], [@b8]\]. However these agents have different disadvantages such as non-specific, side effect, high dangerous using in human. Therefore, we need to urgently find a reasonable imaging agent for inflammatory detection. Recently, the use of radiolabelled receptor ligands that specifically bind to different leucocyte subsets is under study and it is hoped that they will significantly improve the diagnosis and management of patients with inflammatory diseases.

Macrophage migration inhibitory factor (MIF) was originally described as a product derived from activated T lymphocytes, which could prevent the random migration of macrophage. Recent studies have identified a key role for MIF as a pro-inflammatory cytokine \[[@b9]--[@b13]\], and may be an important mediator of various inflammatory diseases including septic shock \[[@b14], [@b15]\], rheumatoid arthritis \[[@b16], [@b17]\], delayed-type hypersensitivity \[[@b18], [@b19]\] and inflammatory lung diseases \[[@b20], [@b21]\]. MIF acts as an initiator of inflammatory and immunological reactions to regulate the production of a number of cytokines including TNF-α, IL-1β and IL-6 \[[@b15]--[@b17]\], and to activate T cells and macrophage, and to be implicated in the activation of T cells and macrophage. The overexpression of MIF stimulates Th1 \[[@b19], [@b20]\] and thereby prolongs an exaggerated inflammatory response \[[@b21]\]. Moreover, anti-MIF antibody has shown a potent therapeutic action in severe inflammatory conditions in experimental animals \[[@b22], [@b23]\].

In a previous study \[[@b24]\], we reported that Na^125^I radioiodinated anti-MIF McAb could localize in three inflammatory models (*Staphylococcus aureus*\[*S. aureus*\] group, *Escherichia coli* group and turpentine oil group) specifically. But the relation of local MIF expression with inflammatory visualization and the advantages of this agent compared to non-specific IgG in inflammatory detection are not clear. As an extension of our previous studies, we now report that the ^131^I-labelled anti-MIF McAb appears to be more specific and suitable than ^131^I-labelled IgG for targeting focal inflammation, which means MIF can be used as a better marker of inflammatory detection.

Materials and methods
=====================

Radioiodination of anti-MIF McAb
--------------------------------

All commercially available chemicals were of analytic grade and anti-MIF McAb (R&D Systems, Minneapolis, MN, USA), IgG (ZSGB-BIO, Beijing, China) were pharmaceutical grade. Anti-MIF McAb and control IgG were iodinated with Na^131^I (specific activity 37 MBq/mg, China Institute of Atomic Energy, Beijing, China) using the iodogen technique. Radioiodinated anti-MIF McAb and control IgG were separated from free iodine using size exclusion columns (Sephadex G-25, Pharmacia Biotech, Uppsala, Sweden). The specific activity of radioiodinated anti-MIF McAb is 29.56 GBq/μmol and that of radioiodinated IgG is 30.12 GBq/μmol. The radiochemical purity of radioiodinated anti-MIF McAb is \>95% (paper chromatography) and that of radioiodinated IgG is \>95% (paper chromatography). The immunological activities of ^131^I-labelled anti-MIF McAb was proved through ELISA (data not shown).

Preparation of inflammatory animal model
----------------------------------------

The animal experiments were carried out in accordance with institutional, national and international guidelines for humane use of animals for research. BALB/c mice (18--22 g, Animal Center of Shandong University, Jinan, Shandong, China) were induced inflammation by intramuscularly injecting 2 × 10^9^ colony forming units of *S. aureus* in 0.2 ml, into the left thigh muscle. Twenty-four hours after inoculation, focal inflammation occurred. Those inflammatory models were proved by histological studies (data not shown). Forty-eight mice of inflammatory models were divided into two groups for biodistribution study, each group consisting of 24 mice. Eight mice of inflammatory models were used for whole-body autoradiography. Twelve mice of inflammatory models were used for histology and immunohistochemical analysis and RT-PCR.

Biodistribution of ^131^I-anti-MIF McAb
---------------------------------------

Mice with the left thigh inflammation were injected intravenously *via* the tail vein by 3.7 MBq ^131^I-anti-MIF McAb or ^131^I-IgG (0.2 ml in PBS), respectively. Eight mice of each group were killed by cervical dislocation at 24, 48 and 72 hrs after injection, respectively. A sample of 1 ml blood was collected at the time of decapitation. Samples of two thigh muscles (left as target, right as control), lung, heart, liver, spleen and kidney were excised, rinsed with saline, weighted and counted on a γ counter. Organ uptake was calculated as a percentage of the injected dose per gram of wet tissue mass (%ID/g).

Whole-body autoradiography
--------------------------

Eight mice of inflammatory models were divided into two groups; each group consisted of four mice, respectively. ^131^I-anti-MIF McAb (3.7 MBq in 0.2 ml PBS) or ^131^I-IgG (3.7 MBq in 0.2 ml PBS) were injected intravenously *via* the tail vein. Serial images were performed at 24, 48 and 72 hrs after injection. The anaesthetized mice were placed on the storage phosphor screen plate with the ventral side facing the plate, in subdued light. The plate was exposed to a mouse for 40 min. At cessation of exposure, the plate was immediately covered with an opaque plastic sheet, then transferred to the scanner, and scanned by typhoon trio + (laser red 633 nm, pixel size 200 microns, phosphor mode: best sensitivity).

RT-PCR
------

The expression of MIF mRNA was evaluated by RT-PCR. Total RNA was isolated from inflammatory tissues with TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA), and contaminant DNA was removed by DNase I (Invitrogen Life Technologies) according to the manufacturer's instructions. Total RNA (5 μg) (Fermentas Inc., Glen Burnie, MD, USA) was reverse transcribed by Revert Aid™ First Strand cDNA Synthesis Kits (Fermentas), cDNAs were amplified with murine MIF specific primer using TaKaRa PCR Amplification Kit (TaKaRa Biomedical Technology (Beijing) Co. Ltd., Beijing, China). The primers were designed as follows: MIF (368 bp), sense primer, 5′-CCATGCCTATGTTCATCGTG-3′; and antisense primer, 5′-GAACAGCGGTGCAGGTAAGTG-3′.

Cycling conditions for amplification as follows: 4 min. denaturation step at 94°C, followed by 35 cycles of 30 sec. at 94°C, 1 min. at 55°C and 1 sec. at 72°C. PCR products were analysed on 1.5% agarose gels and stained with ethidium bromide. All the experiments were performed in duplicate and they were repeated at least three times. GAPDH mRNA expression was used as a loading control.

Histology and immunohistochemical analysis
------------------------------------------

Inflammatory tissues were fixed in 10% PBS-buffered formalin, and paraffin sections were stained with haematoxylin and eosin and examined by light microscopy to assess the histological changes.

Immunohistochemical analysis was done using a SP-9002 Histostain™-Plus kit (ZSGB-BIO) according to the manufacturer's protocol. The sections were microscopically examined and the positively stained fields were observed. Ten fields per each section were observed.

Statistics analysis
-------------------

The data were analysed using SPSS11.0 software. Statistical analysis was performed using the unpaired Student's test. Difference were considered significant when *P* \< 0.05, and two-sided. All data were expressed as the means ± S.D.

Result
======

Accumulation in the inflammatory tissue
---------------------------------------

The concentration of ^131^I-anti-MIF McAb or ^131^I-IgG in the inflammatory tissue were expressed as percentage of the initial dose (%ID/g) (Fig. [1A](#fig01){ref-type="fig"}). It is apparent that both radiopharmaceuticals localized at sites of inflammation to a significant extent at 24 hrs after injection. ^131^I-anti-MIF McAb has a high initial uptake (0.352 ± 0.021%ID/g at 24 hrs after injection) and retained in muscle inflammation more than 72 hrs (0.0925 ± 0.0013%ID/g at 72 hrs after injection). The uptake of ^131^I-anti-MIF McAb was significantly higher compared to that of ^131^I-IgG (*P* \< 0.05). Target-to-non-target (T/NT) ratio was given in Fig. [1B](#fig01){ref-type="fig"}. It shows that the ^131^I-anti-MIF McAb group T/NT ratio was \>6 at 24 hrs, and increased continually, T/NT ratio was \>9 until 72 hrs, but the ^131^I-IgG group T/NT ratio was \>6 at 48h and \>8 at 72 hrs. The highest uptake happened in the ^131^I-anti-MIF McAb group (*P* \< 0.05). Target-to-blood radios (T/B,%ID/g) are given in Fig. [1C](#fig01){ref-type="fig"}. It shows that the T/B ratios for the ^131^I-anti-MIF McAb group were 1.41 ± 0.031, 1.53 ± 0.018, 2.58 ± 0.025 at 24, 48 and 72 hrs after injection, respectively. These ratios were significantly higher than that of ^131^I-IgG group (*P* \< 0.05).

![(A) Accumulation of ^131^I-anti-MIF McAb and ^131^I-IgG in the inflammatory tissue (% ID/g) Values are means ± S.D., *n*= 8 in all groups; \**P* \< 0.05 *versus*^131^I-IgG (B) Change of T/NT in the inflammatory tissue of ^131^I-anti-MIF and ^131^I-IgG McAb groups Values are means ± S.D., *n*= 8 in all groups; \**P* \< 0.05 *versus*^131^I-IgG (C) Change of T/B of ^131^I-anti-MIF McAb and ^131^I-IgG in inflammatory tissue Values are means ± S.D., *n*= 8 in all groups; \**P* \< 0.05 *versus*^131^I-IgG.](jcmm0013-4077-f1){#fig01}

All these data showed that the ^131^I-labelled anti-MIF McAb appears to be more specific and suitable than ^131^I-labelled IgG for targeting focal inflammation.

The Imaging of the inflammatory foci
------------------------------------

The whole-body autoradiography images of the two radiotracers at 24, 48 and 72 hrs after injection are shown in Fig. [2](#fig02){ref-type="fig"}. Both radiotracers showed focally increased uptake in the inflammatory muscles beginning at 24 hrs. Compared analysis of the scintigrams of three time-points showed that the ^131^I-anti-MIF McAb group had much more clear images than the ^131^I-IgG groups, which is in accordance with the high T/NT ratio (*P* \< 0.05). These also demonstrate that the ^131^I-labelled anti-MIF McAb appears to be more specific than ^131^I-labelled IgG for targeting focal inflammation.

![Images of the inflammatory mouse.](jcmm0013-4077-f2){#fig02}

MIF mRNA expression in inflammatory and normal tissues
------------------------------------------------------

In order to make sure that the high intake of ^131^I-labelled anti-MIF McAb in inflammatory tissue is caused by high expression of MIF in locus, we analysed the expression of MIF in inflammatory tissue. Result of RT-PCR showed the expression of MIF mRNA in inflammatory and normal tissues in Figure [3](#fig03){ref-type="fig"}. There were little changes in MIF gene expression in normal tissues at the three time-points. However, there was a threefold increase in MIF mRNA expression in inflammatory tissues at 24 hrs compared with normal tissues (*P* \< 0.05). There was a twofold increase in MIF mRNA levels in inflammatory tissues at 48 hrs compared with normal tissues (*P* \< 0.05). MIF is secreted by the activated lymphocytes and macrophages and inhibit the migration of macrophages \[[@b19], [@b20]\], which may lead to the accumulation and activation of macrophages. These activated macrophages may produce high levels of inflammatory MIF seen in inflammatory pathological conditions.

![The expression of MIF mRNA in inflammatory and normal tissues. There were little changes in MIF gene expression in normal tissues at three time-points. There was a threefold increase in MIF mRNA expression in inflammatory tissues at 24 hrs compared with normal tissues (*P* \< 0.05). There was a twofold increase in MIF mRNA levels in inflammatory tissues at 48 hrs compared with normal tissues (*P* \< 0.05). Semi-quantitative RT-PCR was performed in duplicate to minimize experimental error on the value calculated. All columnar values were expressed as means and standard deviations. A pattern of results were analysed by repeating at least three times. *P* \< 0.05 compared with the normal group.](jcmm0013-4077-f3){#fig03}

MIF protein expression
----------------------

Immunohistochemistry staining showed that high MIF was expressed at the inflammatory tissues (Fig. [4](#fig04){ref-type="fig"}). It shows the high localization of MIF protein in tissues specimens from inflammatory mouse at 24, 48, 72 hrs after focal inflammation occurred.

![Expression of MIF *in vivo*. (A) Negative expression in the normal tissues. (B) Weak expression in the inflammatory tissues 24 hrs after focal inflammation occurred. (C) Strong expression in the inflammatory tissues 48 hrs after focal inflammation occurred, there is infiltration of inflammatory cells. (D) Moderate expression in the inflammatory tissues 72 hrs after focal inflammation occurred.](jcmm0013-4077-f4){#fig04}

MIF was negative expressed in normal tissues (Fig. [4A](#fig04){ref-type="fig"}). However, there was a significant increase in MIF expression in inflammatory specimens according to the time after focal inflammation occurred in the first 48 hrs (Fig. [4B](#fig04){ref-type="fig"} and [C](#fig04){ref-type="fig"}); and then decreased at 72 hrs (Fig. [4D](#fig04){ref-type="fig"}). MIF expression was localized among the inflammatory cells strongly after focal inflammation occurred. Strikingly, up-regulation of MIF in the inflammatory tissues was associated with numerous macrophage accumulations. This was particularly profound in the inflammatory tissues, it also demonstrated that high intake of ^131^I-labelled anti-MIF in the locus corresponds with the high expression of MIF in inflammatory tissue.

Discussion
==========

Inflammatory diseases remain prominent in clinical medicine up date. Definitive diagnosis of inflammation depends primarily on positive culture of the offending pathogens. However, the anatomical delineation of the site and the extent of focal inflammation are critical to the clinical management of inflammatory processes, both for diagnosis and for monitoring the response to therapy. All inflammatory processes develop along a known sequence leakage of fluid, followed by consequent leakage of small molecules, proteins, then by transudation and local accumulation of cells. From this process we can predict which radiopharmaceuticals combined with inflammatory cells and related products might have a role in visualization of the various inflammatory processes in clinic.

Scintigraphic imaging detection of inflammation allows determination of both the location and the number of inflammation foci throughout the body. Since scintigraphic images are based on functional tissue changes, these foci can be localized in their early-phases, when anatomic changes are not yet apparent \[[@b25]\]. The search for an ideal radiopharmaceutical for the rapid, accurate and unequivocal identification of inflammation is necessary. Over the past decades, research efforts have been directed towards the development of monoclonal antibodies as radiopharmaceuticals for application in fields of radioimmunoimaging \[[@b26]--[@b29]\]. Antibodies can be made to specifically target the immunizing antigen. As such, their potential as specific targeting agents for both diagnosis and therapy has been well recognized.

In this study, we compared ^131^I-anti-MIF McAb with ^131^I-IgG in extensive studies of animals and found that this radiopharmaceutical rapidly specifically localizes at the inflammation sites; ^131^I-anti-MIF McAb group T/NT ratio was \>6 at 24 hrs, and increased continually, until 72 hrs T/NT ratio was \>11, but the ^131^I-IgG group T/NT ratio was \>6 at 48 hrs and \>8 at 72 hrs, so the highest uptake happened in the^131^I-anti-MIF McAb group (*P* \< 0.05). The T/B ratios for the ^131^I-anti-MIF McAb group were 1.41 ± 0.031, 1.53 ± 0.018, 2.58 ± 0.025 at 24, 48 and 72 hrs after injection, respectively. These data showed that ^131^I-anti-MIF McAb group significantly higher than that of ^131^I-IgG group (*P* \< 0.05). Furthermore, serial images of whole-body autoradiography also showed that the ^131^I-anti-MIF McAb group had much more clear images than the ^131^I-IgG groups in accordance with the high T/NT ratio. RT-PCR also showed that there was a threefold increase in MIF mRNA expression in inflammation tissues at 24 hrs compared with normal tissues and a twofold increase at 48 hrs. Immunohistochemistry confirmed an increase in MIF protein expression, strong expression in the inflammatory tissues at 48 hrs after focal inflammation occurred. This maybe because MIF is a kind of cytokine produced by T lymphocytes and macrophages in response to inflammatory stimuli, resulting in antigen-specific immune responses between ^131^I-anti-MIF McAb and MIF while uptake of ^131^I-IgG in inflammatory loci is caused by nonspecific binding to Fc fragments of normal IgG. Though radiolabeled human polyclonal IgG had received considerable attention as a radiopharmaceutical for inflammation imaging \[[@b30]--[@b32]\], it is far from the ideal inflammation imaging reagent since it is not specific for inflammation.

MIF has been identified as a ubiquitous protein performing an important role in the pathogenesis of various inflammatory disease conditions in different organs \[[@b33]\]. MIF was originally discovered as a lymphokine involved in delayed hypersensitivity and various macrophage functions, including production of pro-inflammatory cytokines, glucocorticoid-induced immunomodulator, and natural killer cell inhibitory factor, regulation of toll-like receptor expression, adherence and phagocytosis of macrophages, as well as induction of metalloproteinase. MIF activates macrophages to enhance the production of TNF-α and nitricoxides. Accordingly, macrophage-derived MIF has the capacity to act in an autocrine fashion to promote the secretion of additional pro-inflammatory mediators, thereby sustaining a local inflammatory reaction. The potential of an anti-MIF therapeutic strategy was highlighted by the ability of a neutralizing anti-MIF monoclonal antibody to attenuate pro-inflammatory cytokine production. Therefore MIF is considered as a potential target protein in many pathophysiological states.

This study demonstrated that the ^131^I-anti-MIF McAb achieves very high target-to-background ratio, has relatively low level of accumulation in non-target tissues, it possesses a high relations with local expression of MIF and it is much better than non-specific IgG in inflammatory radioimmunoimaging. So radioiodinated anti-MIF McAb could be used as a prospective inflammation-imaging agent, and MIF is preferred as a good marker of inflammatory detection.
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